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Abstract 
Channeling centerbody provides a wide variation in throat area, which makes it possible to start the inlet at lower velocity and get 
high performance at cruise conditions. We developed a new method to design the channels and performed three-dimensional 
computational fluid dynamics analysis. We found that the starting characteristics of the channeled centerbody inlet are different 
from that of the equivalent centerbody inlet The unchanneled parts of the inlet are still unstarted at low Mach numbers, and the 
aerodynamic performance of the channeled parts of the inlet are apparently affected by the channels. Boundary layer separation 
developed seriously due to abruptly turning down of the channel contour, and it decreased the available cross-section area of the 
channel seriously. 
© 2014 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
Throat area of the inlets designed for high-speed flight is usuallylarger than the inlets needed at cruise conditions 
to get started at a wide range of Mach numbers. In order to get high performance at cruise conditions, many variable 
geometry systems are designed, such as translating centerbody inlet and variable diameter centerbody inlet. The 
translating centerbody inlet has limited operability. The variable diameter centerbody inlet is very complex. Weir, L. 
J [1] developed a new design concept for supersonic axisymmetric inlets. This variable geometry system opens up 
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longitudinal channels in the centerbody with forward centerbody translation at off design Mach numbers. The 
channels provide additional area for the inlet to get started at low Mach numbers and can be closed down to provide 
high performance at cruise conditions. The translating channeled centerbody inlet is complex than translating 
centerbody inlet, but simpler and lighter than the variable diameter inlet. Since the phenomenon of inlet unstart is 
primarily dependent on area distribution, Ratnayake, N. A [2] studied the starting characteristics of the Equivalent 
Centerbody inlet (ECB),a smoothed centerbody that provides the same area distribution as the Channeled 
Centerbody(CCB) inlet. 
Besides providing additional area at low Mach numbers, the channels also have effects on the internal mass-flow, 
and how much does the starting characteristics of the ECB align with that of the CCB still needs to be studied in 
depth. In this study we are particularly concerned with the effects of channels, so the translating of centerbody is 
beyond the scope of our study. The bottom of channels can be simply composed of a slant and a floor [1], but the 
area distribution of the inlet changes abruptly, and the position of the throat of the channels is unstable during the 
closing down process. We developed a design method to determine the channel contour which can keep the location 
of the channel stably during closing down process.  
2. Inlet design 
Channeled centerbody supersonic axisymmetric inlet is a new design concept. This variable geometry system 
opens up longitudinal channels in the centerbody at off design Mach numbers. The contour of the channels can be 
simply composed of a slant and a floor, but the location of the throat of the channels is unstable during closing down 
process and it is difficult to control the length of the throat. We developed a method which can keep the location of 
the throat stably to design the channels. Our method depend on two inlet contours, the first is an inlet that cannot be 
started at low Mach numbers but can get high aerodynamic performance at cruise conditions, the second inlet is 
designed to start at low Mach numbers but its cowl contour  is the same with that of  the first kind of inlet. The 
channels were opened up along the centerbody of the first kink of inlet and finally the area distribution of the 
channeled centerbody inlet was same to that of the second kind of inlet which we called equivalent centerbody inlet 
(ECB). 
The supersonic axisymmetric inlet is composed of supersonic diffuser and subsonic diffuser. The supersonic 
diffuser was designed by the Method-of-Characteristics [3]. It was designed for shock-on-lip at Mach number of 
3.35Mach. And it was designed to include a bicone centerbody (12 degree and 25 degree), a low internal cowl lip 
angle (10 degree), cowl shock canceled at the intersection with the centerbody shoulder, and isentropic compression 
to a supersonic throat Mach number of 1.7. The effect of viscousness was not took into account in the Method-of-
Characteristics. This will lead to that the real throat Mach number is lower than the design Mach number. So 1.7 
Mach was selected as the throat Mach number. Actually, the throat Mach number was about 1.3-1.4Mach as the 
computational analysis shown. The centerline and the area distribution of the subsonic diffuser are determined by 
fifth order polynomials [4]. Once the centerline and area distribution are determined the subsonic diffuser can be 
designed easily. This inlet is the first kind of inlet we need. 
To design the inlet starting at low Mach numbers, we should get the throat area we need. The inlet was designed 
to start at 2.3Mach, and we can get the throat area by Kantrowitz’s formula. It should be noted that 2.3Mach is the 
free stream Mach number, not the entrance Mach number, which is necessary to determine the throat area. To 
estimate the entrance Mach number, the bicone of the centerbody was simplified to a single, average right-circular 
cone. And we assumed that the average Mach number for the inlet entrance was equal to the surface Mach number 
on this average cone [2]. Once the throat area was determined, we could choose a proper area distribution along the 
x axis to determine the contour of the centerbody. Area distribution along the x axis is a little different from that 
along the centerline and area distribution along centerline is more reasonable to reflect the flow in the inlet. So we 
modify the area distribution along x axis by the area distribution along the centerline to make the inlet more 
reasonable. 
The channels provided area to make the first kind of inlet have the same area distribution with the second kind of 
inlet. The floor of channels is radial at all stations, so once the angle between the two side faces is determined, the 
bottom of the channels can be got immediately. Fig. 1 shows the channeled centerbody inlets, inlet shown in Fig. 1 
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(a) was designed by the method of this article and inlet shown in Fig. 1 (b) was designed by the method developed 




(a)                                                                                                         (b) 
Fig. 1. (a)  inlet designed by the method of this article; (b) inlet designed by the method developed by Weir, L. J 
3. Computational analysis and result  
The computation used a 2nd-order upwind solver and the two-equation Wilcox turbulence model. Four 
kinds of boundary conditions were used in the computation: pressure-far-field boundary condition, supersonic-
pressure-out boundary condition, subsonic-pressure-out boundary and no-slip boundary condition. Mesh density was 
doubled in area s of interest, including the tip of the cone, the cowl lip and the channels. 
Table 1. Computation result  
Inlet Total pressure recovery () Mass flow rate Free stream Mach number (Ma) 
1 0.71 0.625 2.3 













Table 1 lists the computation results of inlets. Five kinds of inlets are included and are listed below. 
x Inlet designed by the method developed in this article and the leading edge of the channel is located at the lip. 
x Inlet designed by the method developed by Weir, L. J. 
x Equivalent Centerbody inlet of the first kind of inlet. 
x Inlet with channels closed down. 
x Inlet similar to the first kind but the leading edge of the channel is located after the lip. 
We can see from Table 1 that inlets designed by both two methods can provide most of the airflow which the 
ECB can provide and their total pressure recoveries are similar to that of the ECB. So method developed by Weir, L. 
J seems to be better because of its simple contour. More reasonable area distribution do not help improving the 
performance of the CCB very much. 
Comparing the result of the first and fifth kind of inlet we can find that the location of the leading edge has an 
important impact on the performance of the inlet. A better channel contour may be more helpful in improving the 
performance of the inlet than reasonable area distribution. 
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Fig. 2. Mach number distribution of the unchanneled 
 
 
                       Fig. 3. Mach number distribution of a section of the fourth kind of inlet part   of the first kind of inlet  
Fig. 2 shows the Mach number distribution of a section of the unchanneled part of the first kind of inlet, the free 
stream Mach number is 2.3Mach. We can see from the figure that the unchanneled part is unstarted with a nominal 
shock located before the entrance. Fig. 3 shows the Mach number distribution of a section of the fourth kind of inlet, 
and the free stream Mach number is also 2.3Mach. We can see that the location of the nominal shock in Fig.2 is 
more closed to the entrance compared with that in Fig. 3. It is because the channels provide additional throat area to 
let more airflow to pass, but not enough to let the inlet start. 
 
 
Fig. 4. Mach number distribution of the channeled the second kind of inlet 
 
 
                     Fig. 5 Mach number distribution of a section of the channeled part of the second kind of inlet 
Fig. 4 shows the Mach number distribution of a section of the channeled part of the same CCB with Fig. 2. We 
can see that the channeled part of the inlet is started, but the nominal shock is located in front of the throat of the 
channel where the area is the least in the area distribution we designed. This is because that the boundary layer 
separation shrinks the available cross-sectional area of the inlet and the area distribution is changed. The real throat 
is not the position with the least cross-section and moves up stream. Fig. 5 shows the Mach number distribution of a 
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section of the channeled part of a CCB which has the same throat with that in Fig. 4 but the channel is designed 
simply with a slant and a floor. We can see from Fig. 5 that the channeled part of the inlet is unstarted. The available 
throat area is shrunk too much by the boundary layer separation. We can see that the boundary layer separation in 
Fig. 5 is more serious than that in Fig. 4, this is because the angle between the air flow direction and the channel is 
bigger than that in Fig. 4. So decreasing the angle will help abating the effect of boundary layer separation.  
 
 
Fig. 6. Mach number distribution of a section of the channeled part of the fifth kind of inlet 
Fig. 6 shows the Mach number distribution of a section of the channeled part of a CCB. The leading edge of the 
channel of this inlet is located more closed to throat compared with that of the inlet show in Fig. 4. We can see that 
the subsonic flow after the throat was accelerated to supersonic and then formed an additional nominal shock. This 
is because that the boundary layer separation shrunk the available cross-section area too much. The location of the 
leading edge of the channels and the contour of the channels has an important effect on the aerodynamic 
performance. In order to let the area distribution of the CCB equal to that of the ECB, the bottom contour of the 
channel was designed to be complex and destroy the stream of the channel. So take area distribution only into 
account to design the channel is not reasonable. 
4. Conclusion 
The starting characteristics of the channeled centerbody inlet are different from that of the equivalent centerbody 
inlet. The CCB cannot be started like the ECB at low Mach number but the CCB can also provide 90 percent of the 
airflow that provided by the ECB at low Mach number with almost the same total pressure loss. 
The unchanneled parts of the inlet is unstarted at low Mach numbers and the location of the normal shock before 
the entrance is more closed to entrance compared with that of the inlet with all channels closed. It is because that the 
channels provided area to allow more airflow to pass but not so much to let the inlet start. The channeled parts of the 
inlet can start analytically but boundary layer separation shrinks the available throat area and lead to unstart. We 
found that the location of the leading edge of the channel has an important effect on the available throat area.  
Although CCB and ECB have the same area distribution, the channel contour is also an important factor that 
affects the aerodynamic performance. So taking area distribution only into account to design the channels is not 
reasonable. We found that the boundary layer separation caused by the channels is the key problem that resulting in 
inlet unstarting. Our future study will attempt to take both the area distribution and the channel contour into account 
to design the Channeled centerbody inlet. 
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